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Tyrosinase is the key enzyme for synthesizing mel-
anin pigments, which primarily determine mamma-
lian skin coloration. Considering the important roles
of pigments in the evolution and the adaptation of
vertebrates, phylogenetic changes in the coding and
¯anking regulatory sequences of the tyrosinase gene
are particularly intriguing. We have now cloned
cDNA encoding tyrosinase from Japanese quail and
snapping turtle. These nonmammalian cDNA are
highly homologous to those of the mouse and
human tyrosinases, whereas the 5¢ ¯anking sequences
are far less conserved except for a few short sequence
motifs. Nevertheless, we demonstrate that the 5¢
¯anking sequences from the quail or turtle tyrosinase
genes are capable of directing the expression of a
fused mouse tyrosinase cDNA when introduced into
cultured mouse albino melanocytes. This experimen-
tal method, which reveals the functional conserva-
tion of regulatory sequences in one cell type (the
melanocyte), may be utilized to evaluate phyloge-
netic differences in mechanisms controlling speci®c
gene expression in many other types of cells. We also
provide evidence that the 5¢ ¯anking sequences from
these nonmammalian genes are functional in vivo by
producing transgenic mice. Phylogenetic changes of
vertebrate tyrosinase promoters and the possible
involvement of conserved sequence motifs in mela-
nocyte-speci®c expression of tyrosinase are discussed.
Key words: melanin/melanocytes/transcriptional regula-
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S
kin color has been molded by evolutionary forces to play a
variety of adaptive roles in vertebrates. Melanin pigment is
the major source of skin color variation, particularly in
birds and mammals. Tyrosinase (E.C.1.14.18.1) is the key
enzyme for melanin biosynthesis as it initiates the process
by catalyzing the oxidation of tyrosine to form DOPA (L-3,4-
dihydroxyphenylalanine) and further, oxidizes DOPA to DOPA-
quinone (Hearing and Tsukamoto, 1991). Given the importance of
melanin, and ultimately of tyrosinase, in the adaptation of
vertebrates, it is clear that the genetic network-regulating enzyme
function must also be, at least indirectly, scrutinized by natural
selection for timely expression during the ontogeny of complex
pigmentation patterns and for the effective production of melanin
throughout life.
Expression of the tyrosinase gene is restricted to specialized cells
designated as melanocytes (or melanophores). It has been demon-
strated that the 5¢ ¯anking sequences of mammalian tyrosinase genes
determine their melanocyte-speci®c expression (Beermann et al,
1990; Tanaka et al, 1990; Kluppel et al, 1991; Shibata et al, 1992;
Bentley et al, 1994; Ganss et al, 1994b; Porter and Meyer, 1994;
Yasumoto et al, 1994, 1997). We hypothesized that the 5¢
regulatory sequences, as well as the coding sequences, of tyrosinase
genes have been tightly conserved by selective forces that operate
during vertebrate phylogenesis. Our preliminary study showed that
coding sequences, except for regions encoding putative signal
peptides, in the ®rst exon of vertebrate tyrosinase genes (Japanese
quail, snapping turtle, mouse, and human) are highly conserved
(Yamamoto et al, 1992). In contrast, only a few short sequence
motifs are shared in the 5¢ ¯anking regions of mammalian and
nonmammalian tyrosinase genes (Tanaka et al, 1992; Yamamoto et
al, 1992). The ®rst such motif was an 11 bp element now termed
the M-box (Lowings et al, 1992), previously designated as either the
upstream element (Shibahara et al, 1991), an 11-mer motif (Jackson
et al, 1991), or p-MSE (Yamamoto et al, 1992). This regulatory
motif is also found in the proximal promoters of genes encoding the
related melanogenic enzymes, tyrosinase-related protein-1 (Tyrp1)
and tyrosinase-related protein-2 or dopachrome tautomerase (Dct)
(Jackson et al, 1991; Shibahara et al, 1991; Lowings et al, 1992;
Yamamoto et al, 1992; Yokoyama et al, 1994; Budd and Jackson,
1995; Miura et al, 1995; Ferguson and Kidson, 1996). Functional
analyses of mammalian tyrosinase proximal promoters identi®ed the
M-box as a positive regulatory element for melanocyte-speci®c
expression (Bentley et al, 1994; Ganss et al, 1994c; Yasumoto et al,
1997). We also found sequences homologous to the d-MSE, a 13
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bp motif conserved in mouse tyrosinase and Tyrp1 promoters
(Yamamoto et al, 1992), and in the turtle ¯anking region. Bentley et
al (1994) later found two other conserved sequences, a 9 bp motif
(termed CR1) adjacent to the M-box and a 15 bp motif (termed
CR2) about 90 bp downstream from the M-box. The CR2
contains a basic-helix-loop-helix (bHLH) factor-binding E-box
motif, CATGTG, which is also the core sequence of the M-box,
and a degenerate octamer element, GTGATAAT, in human, quail,
chicken, and turtle genes. The authors further identi®ed a
nonconsensus SP1 motif positioned between CR1 and CR2
(Bentley et al, 1994).
In this study, we compared the 5¢ ¯anking regions of vertebrate
tyrosinase genes. Despite the overall sequence divergence of the 5¢
¯anking sequences of the quail and turtle tyrosinase genes, they are
capable of activating transcription of a fused mouse tyrosinase
cDNA when introduced into cultured mouse albino melanocytes.
As a consequence, amelanotic albino melanocytes were induced to
synthesize melanin. To verify those results obtained by transfection,
we further demonstrate that the 5¢ ¯anking sequences of the quail
or turtle tyrosinase genes are able to direct expression of a fused
mouse cDNA in transgenic mice, as does the ¯anking sequence of
the human tyrosinase gene (Tanaka et al, 1992). Finally, we identify
several conserved sequence motifs in the 5¢ ¯anking regions of
other vertebrate tyrosinase genes, including dog (Tang et al, 1995),
Japanese pond frog (Miura et al, 1995), chicken (Ferguson and
Kidson, 1996), and medaka ®sh (Inagaki et al, 1998).
MATERIALS AND METHODS
Cloning of quail tyrosinase cDNA Total RNA fractions were
prepared from pigmented epithelium and/or whole eyes of 10-d-old
Japanese quail embryos. Single-stranded cDNA were synthesized using
an oligo (dT) primer ¯anked with BamHI, EcoRI, and SmaI restriction
sites, T-BES: 5¢-GGATCCGAATTCCCCGGGTTTTTTTTTTTTTT-
TTT-3¢. Subsequently, polymerase chain reaction (PCR) ampli®cation
was carried out using T-BES and a sense primer speci®c to quail
tyrosinase cDNA. The sequence of the speci®c primer was 5¢-GGAA-
TTCGGATCCCCTGCTGCTCTGTGAGG-3¢, which corresponds to
bases ±20 to ±1 of the genomic clone Q63SH1 (Yamamoto et al, 1992)
and is also ¯anked with EcoRI-BamHI sites. In this report, position
numbering is relative to the A (+1) for the ®rst methionine unless
otherwise stated. The double-stranded cDNA were digested with EcoRI,
electrophoretically puri®ed, and cloned into the EcoRI site of pUC119.
Sequence data from multiple independent clones were accumulated and
compared with each other, and then a consensus sequence was released
because the original data were obtained by PCR.
Cloning of turtle tyrosinase cDNA Total RNA was prepared from
whole eyes of 20-d-old-snapping turtle embryos. Single-stranded cDNA
were prepared as described above and then the second-strand was
synthesized with a speci®c sense primer, T-FP: 5¢-GGAATTCTAG-
AAAATTGCCTGCTGTTGT-3¢ (bases ±25 to ±7) ¯anked with EcoRI
and XbaI sites. The cDNA were digested with EcoRI and cloned into
lgt 11 phage vector because PCR-ampli®cation was somewhat
unsatisfactory for cloning into plasmid vectors under the conditions
employed. Recombinant phages were screened by PCR using T-FP and
lgt 11 primers, and subcloned into the pUC119 vector. A consensus
sequence was determined as described above.
Primer extension Primer extension was performed using primers
end-labeled with 32P (about 5 3 104 cpm by Cherenkof counting). The
sequences of the primers are Q-RP: 5¢-CATGGTAAACAGAAGC-
ATCCTCACAGAGCAGCA-3¢ (complementary to bases +18 to ±15 of
the quail tyrosinase gene) and T-RP: 5¢-TCGAGGGAACTGCCCGG-
ATGCAGGCTGCAG-3¢ (complementary to bases +66 to +37 of the
turtle tyrosinase gene). Total RNA prepared from pigmented epithelium
or from whole eyes were annealed with primers and extension reactions
were performed as previously described (McKnight and Kingsbury,
Figure 1. Alignment of deduced amino acid
sequences from vertebrate tyrosinases. Amino
acid sequences deduced from cDNA clones of
Japanese quail (Coturnix coturnix japonica) and
snapping turtle (Trionix sinensis japonicus) are
aligned with previously identi®ed sequences for
tyrosinases of human (Homo sapience) (Kwon et al,
1987), mouse (Mus musculus) (Yamamoto et al,
1989), chicken (Gallus gallus) (Mochii et al, 1992),
Japanese pond frog (Rana nigromaculata) (Takase et
al, 1992), and medaka ®sh (Oryzias latipes)
(Inagaki et al, 1994). Sequences were aligned using
the CLUSTAL W1.7 program. Two copper-
binding sites (CuA and CuB) are boxed. Cysteine
residues conserved among all the proteins are
indicated by small arrows, and one cysteine residue
(conserved except for medaka ®sh) is indicated by
an open arrowhead. Four conserved putative N-
glycosylation sites are underlined. Gaps introduced
to maximize sequence homology are represented
by dashes. Asterisks indicate identical amino acids.
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1982). In the control extension reaction, the same amount of E. coli
tRNA was used. The products were separated by electrophoresis on 6%
sequencing gels and visualized by autoradiography.
Hybrid minigenes Hybrid minigenes were constructed as follows:
The quail tyrosinase genomic clone pQ12Xb8 (EMBL/GenBank/DDBJ
Accession number: AB024279) was digested with Fnu4HI, and the
resulting fragment (bases ±13 to ±1781) was blunted and ligated with the
mouse tyrosinase cDNA Tyrs-J (Yamamoto et al, 1989), which had been
digested with EcoRI and blunted. This quail-mouse hybrid minigene,
which contained 1.8 kb of the quail tyrosinase promoter, was designated
as qg-Tyrs-J. The snapping turtle genomic clone SB1-1 (EMBL/
GenBank/DDBJ Accession number: AB024281) was digested with XhoI.
As this clone contained an additional XhoI site in the far upstream
region, two XhoI-digested fragments were simultaneously cloned into the
XhoI site of Tyrs-J. This turtle-mouse hybrid minigene, which contained
about 4.3 kb of the turtle tyrosinase promoter, was designated as tg-Tyrs-
J. As a positive control, mg-Tyrs-J, which is a minigene composed of
2.6 kb of the mouse tyrosinase promoter fused to Tyrs-J, was used. This
minigene (mg-Tyrs-J) has been shown to be capable of expressing
tyrosinase activity in cultured albino melanocytes (Yamamoto et al, 1989)
and in transgenic mice (Tanaka et al, 1990). The plasmid vector pUC118
and a construct carrying only Tyrs-J were used as negative controls.
Transfection and microinjection Cultured albino melanocytes were
prepared from C57BL/6 J-Tyrc±2J/Tyrc±2J newborn mice according to the
method of Sato et al (1985) and transfections were carried out as
previously described (Yamamoto et al, 1989). In order to detect
tyrosinase enzyme activity, transfected melanocytes were ®xed with
periodate-lysine-paraformaldehyde (McLean and Nakane, 1974) for 30±
60 min at 4°C, washed with 0.1 M sodium phosphate buffer (pH 7.4)
and then incubated with 1 mg per ml DOPA in 0.1 M phosphate buffer
(pH 7.4) at 37°C for 3±5 h. After completion of DOPA-reaction, cells
were washed with phosphate buffer and surveyed by light microscopy for
the accumulation of dark DOPA-melanin in order to localize tyrosinase
activity.
Microinjection of minigenes into fertilized eggs of BALB/C albino
mice was performed as described by Tanaka et al (1990).
Molecular phylogenetic analyzes Multiple alignments of amino
acid and nucleotide sequences were generated either by the CLUSTAL
W program version 1.7 (Thompson et al, 1994) or by the MALIGN
program of the ODEN package (Ina, 1990). Amino acid substitutions
were inferred using the aligned sequences and used to construct
phylogenetic trees by the Neighbor-joining method (Saitou and Nei,
1987). Bootstrapping resampling was performed to create multiple
(n = 1000) randomly sampled data sets from the original alignment.
RESULTS AND DISCUSSION
Cloning of quail and of turtle tyrosinase cDNA To date,
vertebrate tyrosinase cDNA have been cloned from mouse
(Yamamoto et al, 1987, 1989; Kwon et al, 1988; MuÈller et al,
1988; Ruppert et al, 1988), human (Kwon et al, 1987; Shibahara et
al, 1988), chicken (Mochii et al, 1992), Japanese pond frog (Takase
et al, 1992), and medaka ®sh (Inagaki et al, 1994). Partial cDNA
sequences are also available for dog (Tang et al, 1996) and cat (van
der Linde-Sipman et al, 1997) tyrosinases (reviewed in Shibahara et
al, 1998).
We have isolated cDNA clones encoding tyrosinase from
Japanese quail and snapping turtle. As expected from our previous
analyses of the ®rst exons of quail and turtle tyrosinase genes
(Yamamoto et al, 1992), the entire nucleotide and deduced amino
acid sequences were highly homologous to those of other
vertebrate tyrosinases. As shown in Fig 1, quail tyrosinase cDNA
(1894 bp) has an open reading frame (ORF) encoding 529 amino
acids (Mr 60 333) and the turtle cDNA (1909 bp) also contains an
ORF encoding 529 amino acids (Mr 60 167); these ORF are
similar in length to those of tyrosinase cDNA isolated from other
vertebrates. In addition, the sizes of the major transcripts of quail
and turtle tyrosinases were determined to be approximately 2.1 kb
by northern hybridization (data not shown).
In each of the seven vertebrate tyrosinases aligned in Fig 1, a
signal peptide (von Heijne, 1986) and a transmembrane domain
(Klein et al, 1985) were identi®ed at the N-terminus and near the
C-terminus, respectively. These two regions, together with a
cytoplasmic tail at the C-terminal end, show relatively low
similarity among aligned sequences compared with the overall
high homology of other regions. As expected, two putative copper-
binding sites (CuA and CuB) are highly conserved in all vertebrate
tyrosinases. In these regions, which are also found in plant and
fungal tyrosinases, six conserved histidine residues that are
symmetrically arranged are believed to form a binuclear copper
center and are crucial for speci®c copper-binding and/or enzymatic
activity (Hearing and Tsukamoto, 1991; Oetting and King, 1994a;
van Gelder et al, 1997). There are 14 cysteine residues at conserved
positions distributed unevenly in the sequences (Fig 1). The ®rst
10 cysteine residues cluster near the N-termini and the other ®ve
(four in medaka ®sh tyrosinase) residues reside between two
copper-binding sites. Amino acid substitutions within the N-
terminal cysteine rich region are found in BALB/C albino (Tyrc/
Tyrc) mouse (C103S) (Shibahara et al, 1990; Yokoyama et al, 1990)
and among patients diagnosed with OCA1 oculocutaneous
albinism (C55Y and C89R) (Oetting and King, 1994b). The N-
terminal region has been proposed to play a role in the formation of
multienzyme complexes by Jackson et al (1992) based on the
characteristic sequence pattern known as an ``EGF-motif''. Also,
the observation that vertebrate tyrosinases become very fragile
under reducing conditions (Nishioka, 1978) suggests that some
cysteine residues in these regions are responsible for developing the
correct molecular conformation required for catalytic activity.
Comparison of these deduced amino acid sequences with those
deposited in the albinism database (http://www.cbc.umn.edu/tad)
showed no matching except for the H19S mutation that may cause
albinism in humans. It is expected that this substitution results in
aberrant cleavage of the signal peptide sequence (Oetting et al,
1998). An alignment of amino acid sequences (Fig 1) shows that
quail, chick, turtle, frog, and medaka all have this substitution. It is
intriguing to see whether this substitution would affect melaniza-
tion in pigment cells.
We found nine putative N±glycosylation sites of the form NXS
or NXT in the quail tyrosinase sequence and eight such sites in the
turtle sequence. Although there are many putative N-glycosylation
sites in each vertebrate tyrosinase, only four sites are shared in
common (Fig 1). This is in agreement with an earlier report that
Figure 2. A representative phylogenetic tree of tyrosinase
proteins. Tyrosinase sequences from seven vertebrate species (human,
mouse, chicken, Japanese quail, snapping turtle, Japanese pond frog, and
medaka ®sh) and from an ascidian (Halocynthia roretzi) (Sato et al, 1997a)
were analyzed. The multiple alignment was generated by the CLUSTAL
W program (version 1.7) and phylogenetic trees were constructed by the
Neighbor-joining method. Branch lengths are drawn to scale indicated in
units of distance as calculated in the distance matrix. Numbers above
nodes are the numbers of bootstrapping trials (n = 1000) in which an
identical branching pattern was produced. As an outgroup, mouse Tyrp1
(Shibahara et al, 1986) and Dct (Jackson et al, 1992) were used.
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showed the presence of four glycosylated sugar chains per tyrosinase
molecule puri®ed from hamster melanoma (Ohkura et al, 1984).
Thus, if N-glycosylation is essential to express tyrosinase activity
and is necessary for tyrosinase to be correctly processed and
localized in melanosomes, the reason for the conservation of these
four sites is evident.
To infer evolutionary relationships between vertebrate tyrosinase
proteins, molecular phylogenetic trees were constructed based on
entire amino acid sequences. A representative tree obtained by the
neighbor-joining method (Saitou and Nei, 1987) is shown in
Fig 2. Nodes (branch points) of the tree correlate well with the
divergence of species (Nei, 1987). In addition, the unweighted
pair-group method with arithmetic mean (UPGMA) (Sokal and
Michener, 1985), another distance matrix method, and the
maximum parsimony method (Felsenstein, 1982) gave the same
tree topology.
Function of nonmammalian 5¢ ¯anking sequences in mouse
melanocytes Human and mouse tyrosinase genes share
homologous sequences scattered in their 5¢ ¯anking regions like
an archipelago, although these vertebrate sequences share little
similarity with the 5¢ ¯anking sequences of quail and turtle genes
(Tanaka et al, 1992; Yamamoto et al, 1992). We used transfection to
examine whether the highly diverged 5¢ ¯anking sequences of
nonmammalian tyrosinase genes are capable of activating
transcription in cultured mouse albino melanocytes. One of the
transfected hybrid minigenes used, qg-Tyrs-J, consisted of an 1.8 kb
quail tyrosinase 5¢ ¯anking sequence fused to a mouse tyrosinase
cDNA (Tyrs-J), while the other, tg-Tyrs-J, consisted of a 4.3 kb
turtle tyrosinase 5¢ ¯anking sequence fused to Tyrs-J. As shown in
Fig 3, melanization occurred in mouse melanocytes transfected
with qg-Tyrs-J or tg-Tyrs-J, but not with control constructs.
Intense melanization of the culture media was also observed (data
not shown).
To verify these results, we produced transgenic mice by
microinjection of the minigenes into fertilized eggs of BALB/C
albino mice (Fig 4). These transgenic founder mice have
pigmented eyes and agouti-patterned brown hair as expected
from the genetic background of BALB/C (A/A, Tyrp1b/Tyrp1b).
Their phenotypes resemble mice carrying mg-Tyrs-J (Tanaka et al,
1990) or hg-Tyrs-J (Tanaka et al, 1992), the latter being a minigene
composed of 1.2 kb human tyrosinase 5¢ ¯anking sequence fused to
Tyrs-J. Our results suggest that despite the overall sequence
divergence, 5¢ regulatory sequences from nonmammalian sources
can interact with mouse trans-acting factors responsible for intrinsic
Figure 3. Expression of hybrid minigenes in
mouse albino melanocytes. (A) Hybrid
minigenes. A mouse tyrosinase cDNA (Tyrs-J)
was fused to the 5¢ ¯anking sequences of a 2.6 kb
mouse (mg-Tyrs-J), a 1.8 kb Japanese quail (qg-
Tyrs-J), and a 4.3 kb snapping turtle (tg-Tyrs-J)
tyrosinase, respectively. (B±I ) Cultured mouse
albino melanocytes transfected with mg-Tyrs-J (B,
C), qg-Tyrs-J (D, E), tg-Tyrs-J (F, G), or control
pUC118 (H, I). Tyrosinase activity localized by
the accumulation of dark DOPA-melanin was
detected in cells transfected with the minigenes
(C, E, G), but not with the control plasmid (I ).
Photographs of the same ®eld were taken under
phase-contrast (B, D, F, H) and without phase-
contrast (C, E, G, I).
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mouse tyrosinase gene expression. Speci®c transcription activation
by the mouse or quail tyrosinase promoters was previously noted in
cultured chicken albino melanocytes infected with avian retrovirus
vectors carrying Tyrs-J driven by these promoters (Akiyama et al,
1994). Therefore, the presence of evolutionarily conserved regu-
latory sequence motifs was anticipated in these vertebrate tyrosinase
promoters.
Conserved sequences near the initiation sites We
determined the transcription start sites of the quail and turtle
tyrosinase genes by primer extension experiments to compare
precisely the sequences immediately 5¢ to the potential cis-elements
involved in the transcription initiation. The transcription start sites
of the quail tyrosinase gene were mapped to positions ±180, ±166,
±113, and ±112 (Fig 5A) and of the turtle gene to the T at ±86
(Fig 5B), while those of the mouse and human genes have been
assigned to positions ±79 or ±80 (Kikuchi et al, 1989; Ruppert et al,
1988; Takeda et al, 1989; Yamamoto et al, 1989; Giebel et al 1991).
Interestingly, there is a TATA-like sequence adjacent to CR2 in
the human and mouse promoters, and transcription was shown to
start within the CR2 (Fig 6). Bentley et al (1994) discussed the
possibility that a combination of factors recognizing the TATA-like
sequence and CR2 region plays an important role in tyrosinase
expression. Two TATA-like sequences are also found at positions
¯anking the CR2 region in the frog promoter (Miura et al, 1995),
so that similar factors may be operating in frog melanophores. In
the quail and turtle promoters, however, there are no TATA-like
sequences at the corresponding positions or around start points
further downstream from the CR2 (Figs 5, 6). Studies of the
chicken tyrosinase promoter revealed a similar situation (Ferguson
and Kidson, 1996). It may be possible that in the case of quail and
chicken tyrosinase genes, transcription initiation is regulated via the
conserved SP1 motif and CR2 (Bentley et al, 1994; Ferguson and
Kidson, 1996). If so, another scenario may be required to explain
the expression of the turtle and medaka ®sh tyrosinase genes (Inagaki
et al, 1998), both of which lack both the TATA-like sequences and
the conserved SP1 motifs adjacent to CR2.
Other conserved sequences in the 5¢ ¯anking regions
Previously, we (Yamamoto et al, 1992) and Bentley et al (1994)
found highly conserved short sequence motifs in the quail and
turtle tyrosinase promoters. Besides the CR2 and SP1 motifs, there
is an M-box/CR1 and two additional E-box motifs (not
CATGTG) at similar positions between the two promoters
(Fig 6), although one of the non-CATGTG E-box motifs is
located 3¢ to the transcription start sites in the turtle gene (Fig 5).
Two non-CATGTG E-box motifs are found at similar positions in
the chicken tyrosinase promoter as well.
Shibata et al (1992) identi®ed a melanocyte-speci®c enhancer
element, termed the tyrosinase distal element (TDE) (Yasumoto et
al, 1994), located 1.85 kb upstream from the transcription start site
in the human tyrosinase promoter. This 39 bp element contains at its
center a bHLH factor-binding E-box motif, CATGTG, which also
appears in the M-box and in the CR2 (Inr-E). Homologous motifs,
which also have the CATGTG-type E-box sequences, were found
unexpectedly 0.9 kb downstream compared with human TDE in
each of the mouse, quail, chicken, and turtle tyrosinase promoters.
As shown in Fig 6, conservation (28/46 identical) of those
sequences is even more striking than in regions around the CR2
(15/26). Note that the homologous region extends toward 3¢ from
the E-box. Although some similarity was found between the
human TDE sequence and the mouse tyrosinase element-1 (TE-1),
which has been described as a putative melanocyte-speci®c
enhancer element (Ponnazhagan and Kwon, 1992), the TE-1
sequence has no effect on the formation of melanoma nuclear
protein-TDE complexes in band shift assays (Yasumoto et al, 1994),
indicating that factor(s) interacting with the TE-1 cannot recognize
the conserved TDE sequence. A database search failed to detect any
consensus sequence motifs for known transcription factors in other
parts of the TDE sequences. Thus, apart from the CATGTG motifs
essential for TDE enhancer activity (Yasumoto et al, 1994), the
Figure 4. Expression of hybrid minigenes in transgenic mice. (A)
The entire skin taken from a transgenic founder mouse carrying qg-
Tyrs-J. Patches of brown colored-hair, which indicate chimeric
distribution of cells with the integrated transgene, are evident. The
photograph was taken after the founder mouse unfortunately died in an
accident. (B) A transgenic founder mouse carrying tg-Tyrs-J (left) and a
nontransgenic litter mate (right). The transgenic mouse has black eyes and
agouti hair indicating early integration of the transgene. Figure 5. Mapping of transcription initiation sites. (A)
Transcription initiation sites of the Japanese quail tyrosinase gene. The
primer extension products obtained with 50 mg of RNA prepared from
pigmented epithelium (lane 1) or control tRNA (lane 2) were separated
on a sequencing gel. The products were run next to a corresponding
sequencing ladder obtained using the genomic clone pQ12Xb8 and the
same primer. (B) Transcription initiation sites of the snapping turtle
tyrosinase gene. The extension products obtained with 20 mg of RNA
prepared from whole eyes (lane 1) or control tRNA (lane 2) were run
next to a sequencing ladder obtained using the genomic clone SB1-1
and the same primer. The sequence in lower case letters is determined
directly from the sequencing gels, while the upper case letters represent
the complementary sequence (sense strand). Asterisks and arrowheads
correspond to positions of the extended products.
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signi®cance of the surrounding long conserved sequences is not
known at this moment.
We also searched for additional sequences homologous to mouse
tyrosinase regulatory elements in nonmammalian promoters. In the
quail and chicken tyrosinase promoters, there is a sequence
homologous (9/10 identity) to the TE-1 described above at bases
±803 to ±794 and at ±2090 to ±2081, respectively. In the quail
promoter we found a sequence homologous (18/27) to hs±1 (Ganss
et al, 1994b), a melanocyte speci®c enhancer located ±12 kb
upstream of the mouse tyrosinase gene, at bases ±727 to ±740.
Roles of conserved CATGTG motifs As described above,
CATGTG motifs located at three different positions (Fig 6) in the
mammalian tyrosinase promoters play important roles in the
activation of melanocyte-speci®c transcription (Bentley et al,
1994; Ganss et al, 1994a; Yasumoto et al, 1994, 1997). Those
studies also revealed that the bHLH-Leucine-Zipper (bHLH-LZ)
microphthalmia-associated transcription factor (human: MITF,
mouse: Mitf) can activate tyrosinase expression through these
motifs in transient transfection assays (Hodgkinson et al, 1993;
Hemesath et al, 1994; Steingrimsson et al, 1994; Yasumoto et al,
1994, 1995, 1997; Moore, 1995; Sato et al, 1997b). Although
ubiquitous bHLH-LZ factors, such as USF and/or related proteins,
also bind the same sites and can ef®ciently transactivate their
expression in cultured cells, those proteins do not always dictate
cell-type speci®city as does MITF/Mitf (Bentley et al, 1994;
Yasumoto et al, 1994; Aksan and Goding, 1998). Therefore, given
that MITF/Mitf is the only bHLH-LZ factor preferentially
expressed in melanocytes and that mice lacking functional Mitf
do not produce any melanocytes or melanin, MITF/Mitf homologs
and conserved CATGTG motifs in the tyrosinase promoters are
most likely involved in the expression of the gene in avians
Figure 6. Conserved sequence motifs in the tyrosinase 5¢ ¯anking regions. Nucleotide sequences of the Japanese quail and snapping turtle
promoters were determined in this study and aligned with published sequences from human (Yasumoto et al, 1994), mouse (Yamamoto et al, 1989),
chicken (Ferguson and Kidson, 1996), Japanese pond frog (Miura et al, 1995), and dog (Canis familiaris) (Tang et al, 1996). (A) E-box (proximal).
These non-CATGTG type E-boxes are in the ®rst exons except in the chicken promoter (Ferguson and Kidson, 1996). (B) E-box (distal). The E-box
motif at this position may be responsible for determining the melanocyte speci®city of the quail promoter (Akiyama et al, 1994). (C) SP1 and CR2
region. Nonconsensus SP1-binding motifs (underlined boldface) are conserved except in the snapping turtle promoter. TATA-like sequences are boxed.
In the CR2 (overlined), CATGTG E-box motifs (Inr-E) are in boldface and degenerate octamer motifs are underlined. Up to the 5¢ end of the
published dog sequence is shown. (D) M-box and CR1 region. The CATGTG E-box motifs in the M-box (overlined) are shown in boldface while a
mismatch found in the frog promoter is in lower case. The CR1 (underlined) is not found in the frog sequence. (E) TDE region and TE-1. The
CATGTG E-box motifs in the TDE (overlined) are shown in boldface. Similarity was found between a part of the TDE sequence and TE-1
(underlined), which are located at similar positions in the mouse and human proximal promoters. Although the functional signi®cance of the human
and mouse TE-1 has been controversial (Bentley et al 1994; Ganss et al, 1994c), sequence motifs homologous to mammalian TE-1 are also found in the
quail and chicken promoters. The sequences covering TE-1 are placed to maximize similarity with TDE sequences. Note that the position numbering
is relative to the A (+1) for the ®rst methionine because transcription starts from heterologous positions in the chicken and quail genes and the start site
of the frog gene is not known. In each aligned sequence, asterisks indicate identical bases.
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(Mochii et al, 1998a, b) and in reptiles. Our results from
transfection and transgenic mouse experiments suggest that one
transcription factor responsible for the activation of qg-Tyrs-J and
tg-Tyrs-J minigenes is mouse Mitf and that the activation was
mediated via multiple CATGTG motifs (Figs 3, 4, 6).
Observations that the relative roles of three CATGTG motifs
differ in the context of the mouse and human tyrosinase promoters
(Bentley et al, 1994; Yasumoto et al, 1995, 1997) suggest that
sequences adjacent to those motifs have signi®cant effects on the
af®nity and/or behavior of binding factors such as MITF/Mitf.
Eisen et al (1995) showed that repression of the human tyrosinase
promoter activity by Brn-2, a POU domain transcription factor,
correlates with Brn-2 binding to the initiation site (CR1). The Inr-
E overlaps with the Brn-2 binding octamer element, GTGATAAT
(Fig 6), in CR1 in a mutually exclusive fashion with USF in vitro
and with Brn-2 expression preventing activation of the promoter
by Mitf in vivo. It must be noted that this putative Brn-2 binding
octamer sequence is not conserved in the frog and medaka ®sh or
even in mouse and dog tyrosinase promoters.
Although promoter mutagenesis experiments have shown that
the M-box is necessary for full activation of mammalian tyrosinase
promoters (Bentley et al, 1994; Ganss et al, 1994c), it does not seem
to be an essential cis-element necessary to drive expression in
melanin-producing pigment cells. For example, the mouse
tyrosinase promoter fragment containing the Inr-E but not the M-
box confers melanocyte speci®city in cultured cells (Bentley et al,
1994; Yasumoto et al, 1995), and transgenes driven by the mouse
tyrosinase promoter (either 2.2 or 0.27 kb of the 5¢ ¯anking region)
with a mutated M-box are still capable of inducing pigmentation in
eyes and hairs in transgenic mice (Ganss et al, 1994c). Yasumoto et
al (1997) demonstrated that the af®nity of MITF to the human
tyrosinase M-box is lower than to the Inr-E and TDE, and that each
af®nity in vitro correlates with the promoter activity in vivo. More
precisely, Aksan and Goding (1998) showed, based on evidence
obtained by in vitro binding and yeast one hybrid assays, that a
CATGTG motif should be ¯anked by a T residue for the ef®cient
Mitf binding (Aksan and Goding, 1998). Mitf binds either
TCATGTG, CATGTGA, or preferably TCATGTGA, which is
found in the M-boxes of turtle and chicken tyrosinase promoters
and in all known TDE (Fig 6). When we compared the sequences
corresponding to the M-box region in tyrosinase genes from other
vertebrates (Amphibia and Pisces), the core sequence of the M-box,
CATGTG, is replaced by CCTGTG in the frog gene (Miura et al,
1995), a sequence that should not bind bHLH proteins. This is
surprising since, on the whole, the frog M-box region is highly
conserved: the sequence is identical in nine of 11 nucleotides to the
chicken M-box (Fig 6). Furthermore, no intact M-box has been
found in the medaka ®sh tyrosinase promoter (Inagaki et al, 1998).
At present, cis-elements required for the pigment cell-speci®c
expression of the frog and ®sh tyrosinase genes have not been
examined in detail; however, considering that the upstream
sequences of 748 bp for the frog promoter and 3.0 kb for the
medaka ®sh promoter regions are suf®cient for tyrosinase expression
(Miura et al, 1995; Inagaki et al, 1998), and that Inr-E, which has a
5¢ ¯anking T residue essential for the ability of Mitf to bind DNA
(Aksan and Goding, 1998), appears to be the single evolutionarily
conserved sequence, we expect that this element also plays an
important role for regulating tyrosinase expression in nonmamma-
lian vertebratesn.
Evolution of tyrosinase promoters of vertebrates Figure 7
depicts the positions of conserved sequence motifs in the proximal
promoters of tyrosinase genes from amniotes. These promoters are
characterized by the presence of three highly conserved regions
(TDE, M-box/CR1, and CR2) each containing a CATGTG E-
box. The distance between the M-box and the CR2 is constant
(82±96 bp), while the position of the TDE relative to the CR2
differs signi®cantly between promoters. Yasumoto et al (1994) have
shown that the TDE can exert its enhancer activity from 1.8 kb
upstream in the human promoter, and that the orientation of the
TDE does not affect its activity in transient transfection assays.
Therefore, it is possible that, except for the position of the CR2,
which may be utilized for transcription initiation, the precise order
and location of other conserved motifs has little functional
signi®cance and re¯ects the organization of an ancestral tyrosinase
promoter. If this is the case, the distance between the CR2 and the
®rst methionine seems to have widened in the lineage giving rise to
reptiles and birds, and the long GA repeat, which is characteristic of
mammalian promoters, has been inserted (Kominami et al, 1983).
Alternatively, the multiplication of the GA dinucleotide occurred
after the divergence of the mammalian lineage from the clade
comprising birds and reptiles.
While the core promoter (CR2) is conserved in hitherto cloned
vertebrate tyrosinase genes, the TDE and M-box are not found in
the reported promoter sequences of medaka ®sh and frogs. This
raises the possibility that the M-box and the TDE were acquired or
evolved later in the lineage leading to present-day amniotes after
the divergence with amphibians. We note the presence of a M-
box-like sequence in the frog gene, however, so that it is also
possible that the origin of the M-box is in fact much older.
Furthermore, because the M-box is found in the proximal
promoters of other members of mammalian tyrosinase family
genes (Tyrp1 and Dct) and of other vertebrate pigment cell-speci®c
Figure 7. Localization of conserved sequence
motifs in tyrosinase 5¢ ¯anking regions.
Schematic illustrations of 5¢ ¯anking regions and
parts of the ®rst exons of tyrosinase genes from
human, dog, mouse, chicken, quail, and snapping
turtle are shown. The conserved sequence motifs,
including CATGTG-type E-box motifs (closed
box), are depicted in this ®gure. In the turtle
promoter, the nonconsensus SP1-binding motif is
not conserved. E-p, E-box (proximal); SP1/
CR2, SP1 and CR2 region; M/CR1, M-box and
CR1 region; E-d, E-box (distal); GAGA, GA
dinucleotide repeat; TDE, TDE region.
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genes, such as QNR-71 (Turque et al, 1996) and melastatin (Hunter
et al, 1998), we should bear in mind that it is relatively easy to gain a
promoter element of about 10 bp. Further investigation into the
structures of tyrosinase genes from various vertebrates, particularly
from recently isolated ®shes and closely related ancestral chordates
(Sato et al, 1997a), is clearly needed to understand how vertebrate
tyrosinase promoters were molded during the evolution of verte-
brates. In addition, characterization of MITF/Mitf homologs
isolated from avians (Mochii et al, 1998a, b) and other
nonmammalian vertebrates (our unpublished data) will provide
information needed to determine the importance of evolutionarily
conserved CATGTG motifs in the process.
In summary, our data indicate that, despite overall sequence
divergence, 5¢ ¯anking sequences of the quail and turtle tyrosinase
genes are capable of activating transcription of a fused mouse
tyrosinase cDNA in cultured mouse albino melanocytes. This
transgenic procedure using a cultured differentiated type of cell,
such as a melanocyte, that is common to all vertebrates, as the host
for a cDNA from one class of vertebrates (e.g., mammals: mouse)
and regulatory sequences from another species (e.g., reptiles: turtle;
birds: quail) provides a convenient setting to determine phyloge-
netic, structural, and functional changes among vertebrate
melanocytes at the genetic and metabolic levels. The procedure
may be utilized to evaluate comparable phylogenetic changes in
many other types of specialized cells in vertebrates. To verify the
results obtained in cultured cells, we showed that the 5¢ ¯anking
sequences from quail or turtle genes can direct expression of the
fused mouse cDNA in transgenic mice. Finally, by comparing 5¢
¯anking sequences we identi®ed several potential regulatory
sequence motifs conserved in vertebrate tyrosinase promoters.
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